We have searched for unstable neutral and charged heavy leptons, N and L ± , and for excited states of neutral and charged leptons, ν * , e * , µ * and τ * , in e + e − collisions at centre-of-mass energies of 170 and 172 GeV using the OPAL detector at LEP. No evidence for their existence was found. From the analysis of charged-current decays of pair-produced unstable heavy leptons, and of charged-current and photonic decays of pairproduced excited leptons, lower limits on their masses are derived. From the analysis of charged-current and photonic decays of singly-produced excited leptons, upper limits on the ratio of the coupling to the compositeness scale, f /Λ, are determined for masses up to the kinematic limit.
Introduction
In spite of its remarkable success in describing all electroweak data available today, the Standard Model leaves many questions unanswered. In particular, it does not explain the number of fermion generations nor the fermion mass spectrum. The precise measurements of the Z-boson parameters in e + e − collisions at centre-of-mass energies, √ s, around the Z-boson mass, M Z , have determined the number of species of light neutrinos to be three [1] ; however, this does not exclude a fourth generation, or other more exotic massive fermions, if all of the new particles have masses greater than M Z /2. New fermions could be of the following types (for a review see Reference [2] ): (i) sequential fermions, (ii) mirror fermions (with chirality opposite to those of the Standard Model), (iii) vector fermions (with left-and right-handed doublets) and (iv) singlet fermions. These new fermions could be produced at high energy e + e − colliders such as LEP, where two production mechanisms are possible: (i) pair-production, and (ii) singleproduction in association with a light standard fermion from the three known generations. We concentrate on the search for the pair-production of new unstable heavy leptons and for both pair-and single-production of excited states of the known leptons in e + e − collisions at centreof-mass energies up to √ s = 172.3 GeV. The results will be interpreted in terms of sequential and excited lepton models.
Lower limits on the masses of heavy leptons were obtained at √ s ∼ M Z [1, 3] , and recent searches at √ s = 130-140 GeV [4, 5] and √ s = 161 GeV [6] have improved these limits. The L3
Collaboration has also reported results on sequential heavy lepton searches up to √ s = 172 GeV [7] . Excited leptons have been sought at the LEP e + e − collider at √ s ∼ M Z [8] , √ s = 130-140 GeV [9, 10] and √ s = 161 GeV [11, 12] , and at the HERA ep collider [13] . Processes such as e + e − → γγ and e + e − → ff are sensitive to new particles at higher mass scales but have less sensitivity than direct searches if direct production is kinematically allowed [14, 15] .
Heavy Leptons
We assume mixing with at most one of the light standard leptonic generations in order to avoid leptonic flavour-changing neutral currents (FCNC) at the one-loop level. General new heavy leptons could in principle decay through the charge-current (CC) or the neutral-current (NC) channels:
where N is a neutral heavy lepton, L ± is a charged heavy lepton, and ℓ = e, µ or τ . For heavy lepton masses less than the boson mass, M W or M Z , the vector bosons are virtual, leading to a 3-body decay topology. For masses greater than M W or M Z , the decays are 2-body, and the CC and NC branching ratios can be comparable. For masses close to M W or M Z , it is important to treat the transition from the 3-body to the 2-body decay properly, including effects from the vector boson widths. Expressions for the computation of partial decay widths with an off-shell W or Z can be found in [16] . A mixing angle (ζ) of the heavy lepton with the standard lepton flavour of 0.01 yields a decay length cτ of O(1 nm); since the decay length is proportional to 1/ζ 2 , by looking for unstable heavy leptons with efficiency for decays with radii O(1 cm), we remain sensitive down to mixing angles squared O(10 −12 ). The present upper limit on ζ 2 is approximately 0.005 [17] .
Furthermore, we limit ourselves to the case where N and L ± decay via the CC channel only, as would be expected in a naive fourth generation extension to the Standard Model. In fact, since the new mass region to which we are most sensitive is near M W , the CC channel should dominate even for more exotic heavy leptons.
There are several possible new heavy lepton discovery channels, depending on the charge of the lightest new heavy lepton and its decay modes. We conduct three different analyses to ensure coverage of these channels:
(A) e + e − → NN with a flavour-mixing decay into a light lepton, N → eW, N → µW or N → τ W. For a Dirac-and a Majorana-(N =N) type of neutral heavy lepton:
Dirac Majorana
The typical signature of such an event is at least two isolated charged leptons plus the decay products of the two W bosons. In the Majorana case, the two leptons may have the same charge. This should be the first visible channel if N is the lightest new particle and it mixes with one of the known lepton generations.
(B) e + e − → L + L − with a flavour-mixing decay into a light neutrino L − → ν ℓ W − :
This process leads typically to multi-jet events with large transverse momentum or transverse missing energy. This should be the first visible channel if L − is the lightest new particle and it mixes with one of the known lepton generations.
where N is a stable or long-lived neutral heavy lepton which decays outside the detector). This production is possible if N is the lighter member of an SU(2) doublet which does not mix with the lighter generations.
This signal leads to a very low visible energy if the mass difference, M L ± − M N , is small. This would be the signature of a naive fourth generation lepton doublet which does not mix appreciably with the three known lepton generations and which satisfies M L ± > M N .
For completeness, a final search should be performed looking for long-lived charged heavy leptons, which could come from a fourth generation with M L ± < M N and very small mixing. The signature would be a pair of heavy charged particles visible in the detector. This topology will be included in a subsequent paper.
Excited Leptons
Excited leptons are new massive states of leptons expected in compositeness models. They are assumed to have the same electroweak SU(2) and U(1) gauge couplings to the vector bosons, g and g ′ , as the Standard Model leptons, but are expected to be grouped into both left-and righthanded weak isodoublets with vector couplings. The existence of the right-handed doublets is required to protect the ordinary light leptons from radiatively acquiring a large anomalous magnetic moment via the ℓ * ℓV interaction [18] (V is a γ, Z or W ± vector boson).
Excited leptons could be produced in pairs in e + e − collisions via the process e + e − → ℓ * l * , governed by the ℓ * ℓ * V coupling. Depending on the details of the three ℓ * ℓV couplings, they could be detected in photonic, CC or NC channels:
where ν * is a neutral excited lepton, ℓ * ± is a charged excited lepton, and ℓ = e, µ or τ .
The branching fractions of the excited leptons into the different vector bosons is determined by the strength of the three ℓ * ℓV couplings, which also determine the size of the singleproduction cross-section. We use the effective Lagrangian [18] 
which describes the generalized magnetic de-excitation of the ℓ * states. The matrix σ µν is the covariant bilinear tensor, τ are the Pauli matrices, W µν and B µν represent the fully gaugeinvariant field tensors and Y is the weak hypercharge. The parameter Λ has units of energy and can be regarded as the "compositeness scale," while f and f ′ are couplings associated with the different gauge groups.
Depending on the relative values of f and f ′ , at the mass scales within the sensitivity of LEP either the photonic or CC decay tends to have the largest branching fraction, and in this paper we will consider only these two decay modes. For simplicity, we will interpret our results using two example complementary coupling assignments, f = f ′ and f = −f ′ .
Several analyses are used for the excited lepton search:
(A) e + e − → ν * ν( * ) , with CC decays of the neutral excited lepton(s): Pair Production Single Production
The topology of pair-production with CC decays is almost identical to the flavour-mixing decay of neutral heavy leptons considered as case (A) in Section 1.1, and the same analysis is used. The topology of single-production with CC decays can be categorised by the W ± decay mode. If the W ± decays leptonically, the signature is two leptons with missing transverse momentum (acoplanar lepton pair), while if it decays hadronically, the signature is an isolated lepton with two hadronic jets plus missing energy. In this latter case, the mass of the excited lepton can be reconstructed.
(B) e + e − → ℓ * ± ℓ ( * )∓ , with CC decays of the charged excited lepton(s): Pair Production Single Production
Again, the analysis for the flavour-mixing decay of charged heavy leptons considered as case (B) in Section 1.1 is used for pair-production. The topologies of single-production with CC decays are the same as that for neutral excited leptons, and the same analysis is used.
(C) e + e − → ν * ν( * ) , with photonic decays of the neutral excited lepton(s): Pair Production Single Production
The signature is one or two photons plus significant missing energy. While no direct mass reconstruction is possible, the kinematics of the photon(s) can be used to restrict the excited neutrino mass which is consistent with the event.
(D) e + e − → ℓ * ± ℓ ( * )∓ , with photonic decays of the charged excited lepton(s): Pair Production Single Production
The signature is two leptons plus one or two photons with no missing energy, and the excited lepton mass can be reconstructed from the lepton-photon invariant mass. If the e * eγ coupling is significant, excited electron single-production is dominated by t-channel photon exchange; in this case, the recoil electron is most often missing along the beam axis, making a search in the eγ plus missing electron topology interesting as well.
The OPAL Detector and Data Sample
A complete description of the OPAL detector can be found in Reference [19] , and it is described only briefly here. The central detector consists of a system of tracking chambers that provides charged particle tracking over 96% of the full solid angle 1 inside a uniform 0.435 T magnetic field. It consists of a two-layer silicon microstrip vertex detector, a high-precision vertex drift chamber, a large-volume jet chamber and a set of z chambers that measures the track coordinates along the beam direction. The specific ionization energy loss per unit path length in the jet chamber, dE/dx, is used for particle identification. A lead-glass electromagnetic calorimeter located outside the magnet coil covers the full azimuthal range with excellent hermeticity in the polar angle range of | cos θ| < 0.82 for the barrel region and 0.81 < | cos θ| < 0.984 for the endcap region. In the region where the barrel and endcap calorimeters overlap, photon and electron energy resolution is somewhat degraded because of extra material in front of the calorimeters. A set of wire-chambers in front of the electromagnetic calorimeter, the presampler, is used to measure the shape of electromagnetic showers from electrons and photons that interact in the magnet coil, and is used to aid electron identification. The magnet return yoke is instrumented with streamer tubes with cathode-strip readout for hadron calorimetry and consists of barrel and endcap sections along with pole-tip detectors that together cover the region | cos θ| < 0.99. Muons are identified with the hadron calorimeter strips, and with four layers of muon chambers which cover the outside of the hadron calorimeter. The gamma-catcher, forwarddetector and silicon-tungsten electromagnetic calorimeters complete the geometrical acceptance down to 24 mrad. The silicon-tungsten calorimeter is used for the luminosity measurement.
The primary data sample used in this paper has an integrated luminosity of 1. [16, 20] and the matrix elements include all spin correlations in the production and decay processes of the heavy leptons, and a complete treatment of the transition from 3-body to 2-body heavy fermion decays; it uses JETSET [21] for fragmentation and hadronization of quarks. For NN, and for The excited lepton Monte Carlo samples were simulated with the existing generators EXLP and LSTAR described in Reference [9] . These generators use the formulae from Reference [18] , but without taking into account the spin correlations in the production and decay of excited leptons. The effect of spin correlations on the efficiency for the detection of excited leptons has been studied using analytic approximations and also using EXOTIC, which supports excited leptons as well, and it was found to be negligible. For the pair production channels, samples of 2000 events each were generated for masses in the range from 65 to 85 GeV, and for the single production case samples of 2000 events each were generated for masses in the range from 80 to 170 GeV.
The backgrounds from Standard Model processes were studied with a variety of Monte Carlo generators. Two-fermion processes were simulated with BHWIDE [22] (large-angle Bhabha scattering), TEEGG [23] (t-channel Bhabha scattering), KORALZ [24] (muon-and tau-pair production) and PYTHIA [21] (e + e − → Z/γ → qq). These generators all include both initialand final-state radiation, which is particularly important for the radiative decay analyses.
Hadronic two-photon processes of the form e + e − → e + e − qq, with the final-state electrons scattered at small angles, were simulated with PYTHIA, HERWIG [25] and PHOJET [26] . Leptonic two-photon processes were simulated with Vermaseren [27] . Other 4-fermion processes, the most important of which is W + W − production, were studied with PYTHIA, FERMISV [28] , EXCALIBUR [29] and grc4f [30] . FERMISV simulates neutral-current 4-fermion processes, which can be combined with W + W − production samples generated with PYTHIA. EXCALIBUR and grc4f include CC and NC 4-fermion processes and all interference effects. Different combinations of samples from the different 4-fermion generators yielding a complete estimate of the background processes gave consistent predictions.
Finally, Standard Model processes with only photons in the final state are an important background to the analysis of excited neutral leptons with photonic decays. The RADCOR [31] program was used to simulate the process e + e − → γγ(γ), and both KORALZ and NUNUGPV [32] were used to simulate the process e + e − → ννγ(γ).
All signal and background Monte Carlo samples were processed through the full OPAL detector simulation [33] , and passed through the same analysis chain as the data.
Selection Criteria
Since the searches presented in this paper involve many different experimental topologies, a number of different analyses are used for the heavy and excited lepton searches. These analyses evolved independently and use slightly different criteria for such details as track and cluster quality requirements and lepton identification methods. In Section 4.1, the three analyses for the CC decays of pair-produced heavy and excited leptons are described. Next, Section 4.2 details the search for the single production of neutral and charged excited leptons with CC decays. Section 4.3 summarizes the search for neutral excited leptons with photonic decays. Finally, in Section 4.4, the selection of charged excited leptons with photonic decays is described.
Pair Production of Heavy Leptons and of Excited Leptons with CC Decays
All charged tracks and calorimeter clusters are subjected to some quality criteria: each track is required to have a minimum momentum transverse to the beam axis, p T , of 0.15 GeV, to have a minimum number of 20 hits in the central tracking detector, and to point to the geometrical centre of the detector to within 2 cm and to pass within 25 cm of the origin in z at the point of closest approach in rφ; each electromagnetic cluster in the barrel is required to have a minimum energy of 0.1 GeV, while for the endcap regions the minimum raw energy is 0.25 GeV; hadronic clusters are required to have a minimum energy of 0.25 GeV. In calculating the total visible energy and momentum of events, and of individual jets, corrections are applied which reduce the effects of the double-counting of energy from tracks and clusters associated to them [34] . Jet reconstruction is done by using the k ⊥ ("Durham") [35] jet-finding algorithm with a resolution parameter y cut of 0.004. For electron, muon, and tau identification the following procedures are applied:
electron: a track is identified as an electron candidate if at least one of the following two methods is satisfied.
1. A standard electron identification: each good charged track in the central detector, which satisfies all the following criteria, is considered as an electron candidate:
• p > 3.0 GeV, where p is the track momentum.
• 0.7 < E/p < 1.4 , where E is the energy of the electromagnetic cluster associated to the track.
• 8 < dE/dx < 13 keV/cm, where dE/dx is the ionization energy loss per unit path length measured in the central detector.
• the number of dE/dx measurements is at least 20.
2. The output of an artificial neural network designed to identify electrons [36] is required to exceed 0.90. The network uses information mainly from the track momentum, dE/dx, the energy in the associated electromagnetic calorimeter cluster, the number of lead-glass blocks in the cluster, and the presampler signal associated with the track.
In each case there is an isolation requirement on the electron candidate using the total energy in a cone of half-opening angle 15
• surrounding the electron, excluding the energy of the electromagnetic cluster associated with the candidate. The electron is considered to be isolated if this energy does not exceed 5 GeV.
muon: a track with p > 3.0 GeV is identified as a muon candidate if it is matched with track segments in the muon chambers. In regions not covered by the muon chambers the identification is done by using a match with the hadron calorimeter strips. We require that muon candidates be isolated as described above for electrons.
tau: a tau lepton candidate is selected by either the electron or muon identification (as above) for a 1-prong tau decay into an isolated lepton (e or µ), or by jet reconstruction for a 1-prong or a 3-prong tau decay into hadrons. A jet is identified as a tau if either of the following criteria were satisfied.
1. for a 1-prong decay, all of the following conditions must be satisfied:
• it contained at least 1 track with p > 3.0 GeV.
• no track was found within a cone of half-opening angle 15
• surrounding the track.
• the momentum sum of the other tracks within the jet was less than 1.0 GeV.
• the invariant mass of all tracks and clusters within the cone was less than 3.0 GeV.
2. for a 3-prong decay, all of the following conditions must be satisfied:
• it contained exactly 3 tracks in a cone of half-opening angle 15
• around the jet axis.
• the momentum sum of the 3 tracks was greater than 3.0 GeV.
Selection of NN Candidates
To be considered as potential candidates for NN, or ν * ν * with CC decays (category A in Section 1.1, and pair-production for category A in Section 1.2), the events must pass the following set of cuts:
1. A standard multihadronic selection where tracks and energy clusters satisfy the following (good tracks and clusters are those which satisfy the quality criteria defined in Section 4.1):
• R vis ≥ 0.10, where R vis = E shw 2×E beam ; E shw = E raw and E raw is the raw energy of a good cluster and E beam is the beam energy.
• R bal ≤ 0.65, where R bal = E bal E shw ; E bal = E raw cos θ (θ is the polar angle of the cluster).
• there are at least 7 good clusters.
• there are at least 5 good tracks.
2. There are at least 2 isolated leptons of the same flavour (e, µ, or τ ). We do not apply a charge constraint in order to be sensitive both to Dirac and Majorana neutral heavy leptons.
3. To reject radiative events, principally e + e − → Zγ with the photon missing along the beam axis, we require that | cos θ miss | < 0.95 if E miss > 35 GeV, where θ miss is the angle between the missing energy vector and the beam axis and E miss is the missing energy in the event (the most probable photon energy from e + e − → Zγ is about 60 GeV). The distributions after cut 2 of | cos θ miss | versus E miss are shown in Figures 1(a) and 1(b).
4. The number of reconstructed jets is required to be at least four. The distributions after cut 3 of the numbers of reconstructed jets are shown in Figure 1 (c).
5. For the case N → τ W an extra cut is applied to reduce the larger background: we require that 65 < E vis < 160 GeV, where E vis is the visible energy. The visible energy distributions after cut 4 are shown in Figure 1 (d).
For the cases N → eW and N → µW the remaining numbers of events after each cut are displayed in Tables 1 and 2 respectively (numbers for Dirac-and Majorana-type N signals are shown in the same table). The numbers of events remaining for N → τ W after each cut are displayed in Table 3 .
The efficiencies obtained for the NN and ν * ν * selections after applying the full analysis are evaluated from the Monte Carlo samples discussed in Section 3. The efficiencies are about 60% for N → eW, 50% for N → µW, and 30% for N → τ W.
In order to be considered as potential candidates for L + L − , or ℓ * + ℓ * − with CC decays, where each charged heavy lepton decays into a light standard neutrino (category B in Section 1.1, and pair-production for category B in Section 1.2), the events must satisfy the following set of selection criteria:
1. The same multihadronic selection as cut 1 in Section 4.1.1. Table 1 : Observed number of events in the data sample and expected number of events from the background sources and the NN signal (Dirac-and Majorana-types) for the case where N → eW, normalized to the actual integrated luminosity at √ s = 172 GeV. The statistical error on the background Monte Carlo is small compared to that for data. Table 2 : Observed number of events in the data sample and expected number of events from the background sources and the NN signal (Dirac-and Majorana-types) for the case where N → µW, normalized to the actual integrated luminosity at √ s = 172 GeV. The statistical error on the background Monte Carlo is small compared to that for data. Table 3 : Observed number of events in the data sample and expected number of events from the background sources and the NN signal (Dirac and Majorana types) for the case where N → τ W, normalized to the actual integrated luminosity at √ s = 172 GeV. The statistical error on the background Monte Carlo is small compared to that for data. Carlo is small compared to that for data.
2. To reduce the background from qq(γ) and two-photon processes we require that the energy deposited in each forward-calorimeter, each gamma-catcher, and each silicon-tungsten calorimeter be less that 2 GeV, 5 GeV, and 5 GeV, respectively.
3. Non-radiative events are selected by demanding that | cos θ miss | < 0.85. The | cos θ miss | distributions after cut 2 are shown in Figure 2 (a).
4. To reject events containing two back-to-back jets mostly from qq(γ), the thrust of the event was required to be less than 0.85. The thrust distributions after cut 3 are shown in Figure 2 (b).
5. If no isolated lepton is found in the event we apply the following constraints:
• 80 < E vis < 145 GeV. The visible energy distributions after cut 4 are shown in Figure 2 (c).
• p Tmiss > 15 GeV, where p Tmiss is the missing momentum transverse to the beam axis. The distributions for p Tmiss after cut 4 are shown in Figure 2 (d).
• N jets ≥ 4, where N jets is the number of reconstructed jets.
• the maximum momentum of the good tracks should not exceed 25 GeV.
6. If one or more isolated lepton is found, we apply the following cuts:
• E vis < 100 GeV. The visible energy distributions after cut 4 are shown in Figure 2 (e).
• p Tmiss > 20 GeV. The distributions for p Tmiss after cut 4 are shown in Figure 2 (f).
• N jets ≥ 3.
The remaining numbers of events after each cut are displayed in Table 4 . The efficiencies obtained after all cuts are estimated from Monte Carlo to be 20-25%, depending on the mass of the heavy or excited lepton.
To be considered as potential L + L − candidates, where the charged heavy lepton decays into a stable neutral heavy lepton (category C in Section 1.1), the events must satisfy the following set of cuts. Here we do not use the standard selection of multihadronic events since for small mass differences, M L − M N , the visible energy is very low and the particle multiplicity is small.
1. We require at least 5 good charged tracks.
2. The criteria for energy deposited in the forward-detector, the gamma-catcher, and the silicon-tungsten calorimeter are the same as in Section 4.1.2.
3. In order to reduce background from beam-gas and beam-wall interactions we require that | cos θ thrust | be smaller than 0.9, where θ thrust is the polar angle of the thrust axis. The | cos θ thrust | distributions after cut 2 are shown in Figure 3 (a).
4. To reduce the large background coming from two-photon processes, we apply a cut on the missing momentum transverse to the beam axis: p Tmiss > 5 GeV (including clusters from the hadronic calorimeter), and p 5. For radiative-event rejection we require that | cos θ miss | < 0.7. The | cos θ miss | distributions after cut 4 are shown in Figure 3 (c).
6. The two heavy neutrinos coming from L + and L − carry away a significant fraction of the energy. To reduce the background from multihadronic and four-fermion events, we require that E vis < 75 GeV. The E vis distributions after cut 5 are shown in Figure 3 (d).
7. Four-fermion processes and τ τ backgrounds were reduced by requiring that the maximum momentum of a good track should not exceed 20 GeV. The distributions of p max after cut 6 are shown in Figure 3 (e).
8. We require that the thrust value be less than 0.9 in order to reject events containing two back-to-back jets. The distributions of the thrust after cut 7 are shown in Figure 3 (f).
The remaining numbers of events after each cut are displayed in Table 5 . The total selection efficiencies are typically 40-50%, but drop to 9-12% for M L − M N ∼ 5 GeV.
Single Production of Excited Leptons with Charged Decays
Two searches are performed for the charged decays of singly-produced excited leptons (singleproduction for categories A and B in Section 1.2). The first analysis looks only for leptonic decays of the W ± , which may be real or virtual depending on the mass of the ν * . The topology is then e
, where ℓ ± corresponds to the excited lepton flavour, and ℓ ′∓ may or may not be of the same flavour. Since charged excited leptons with charged decays, Carlo is small compared to that for data.
neutral excited leptons with charged decays, the same search is used. The topology is a pair of leptons which are not coplanar with the beam direction.
The second search for the charged decays of singly-produced excited leptons is optimised for the hadronic decays of the W ± boson, looking in the
In this search, we look only in the electron and muon channels; the high background levels in the tau channel do not allow improvement over the sensitivity of the acoplanar lepton pair analysis. Since charged excited leptons with charged decays, e + e − → ℓ
∓ q i q j , can have the same final states as neutral excited leptons with charged decays, the same search is used.
Acoplanar Lepton Pair Analysis
Using the same preselection and track quality cuts as the ℓ + ℓ − γ(γ) analysis in Section 4.4, candidate ℓ * ± and ν * ℓ events are required to satisfy the following criteria:
1. There must be exactly two identified leptons, at least one of type ℓ ± corresponding to the excited lepton flavour. At least one of the leptons must have an energy greater than 0.2E beam .
2. There must be no other track passing the quality cuts in the event.
3. Excluding the clusters associated with the two leptons, the sum of other barrel and endcap electromagnetic calorimeter cluster energies must be less than 10 GeV.
4. Events from two-photon processes are suppressed by requiring that the energy deposited in each forward-calorimeter, each gamma-catcher and each silicon-tungsten calorimeter be less than 2 GeV, 5 GeV and 5 GeV, respectively.
Topology After Data Total Table 6 : Number of events surviving each cut, and selection efficiencies in percent, in the search for the single production of ℓ * ± and ν * with charged decays in the acoplanar di-lepton channel. The background Monte Carlo sum is normalized to the actual integrated luminosity at √ s = 172 GeV. The three selections are not independent; in particular, the τ ℓ selection completely includes both the eℓ and µℓ selections. The efficiencies include the leptonic branching ratio of the W. The statistical error on the background Monte Carlo is small compared to that for data.
5. Events with missing momentum along the beam axis are removed by requiring | cos θ miss | < 0.9, where θ miss is the polar angle of the missing momentum.
6. Events are required to be acoplanar by requiring φ
is 180
• minus the opening angle between the two leptons in the x-y plane). The acoplanarity angle is plotted for the excited electron, muon and tau search in Figures 4(a), (b) and (c), respectively.
The complete analysis is summarized in Table 6 . The numbers of events selected in each channel are consistent with the expectations from Standard Model sources. After cut 6, the dominant background is from W + W − production. The total selection efficiencies for excited lepton single production with CC decays when the W ± decays leptonically is about 55% for e * , ν * e , µ * and ν * µ , and about 45% for τ * and ν * τ .
ℓ ± νqq Analysis
All charged tracks and calorimeter clusters are subjected to the same quality criteria used in the unstable heavy lepton analysis in Section 4.1. As in that section, overlap between tracks and clusters is also corrected using the method described in Reference [34] . A preselection is used to remove low multiplicity events. At least six tracks passing the quality cuts must be reconstructed in an event, the ratio of the number of selected tracks to the total number of reconstructed tracks must be greater than 0.2, and at least 8 clusters must be reconstructed in the event. Following the preselection, candidate events are required to satisfy the following criteria:
1. There must be at least one isolated lepton ℓ (ℓ = e or µ), corresponding to the excited lepton flavour. The reconstructed track corresponding to the lepton candidate should lie within the angular region | cos θ| < 0.95. Leptons consistent with coming from a Z decay are rejected if their invariant mass when combined with any other track is within 10 GeV of the Z mass. If there is more than one lepton candidate, then the candidate with the highest momentum is taken. The lepton must satisfy one of the following criteria:
electron: A track is identified as an electron if it satisfies either of the following criteria:
(a) The track must be associated with an electromagnetic calorimeter cluster with a minimum energy of 2.0 GeV. The sum of the magnitudes of the momenta of tracks and energy of unassociated electromagnetic clusters in a cone with halfangle of 15
• around the electron track should be less than 2.5 GeV. Candidate electron tracks with | cos θ| < 0.79 or | cos θ| ≥ 0.815, are required to satisfy E/p > 0.7. Candidate electron tracks with 0.79 ≤ | cos θ| < 0.815 should satisfy E/p > 0.5. The dE/dx energy loss of tracks must be consistent with that expected from an electron. (b) The output of a neural network electron finder [36] must be greater than 0.8.
muon: A track with p > 2 GeV is identified as a muon if it is matched with track
segments in the muon chambers. In regions not covered by the muon chambers the identification is done by using the hadron calorimeter strips.
2. To remove events from two-photon processes, events having significant energy in either side of the forward detectors are rejected. The maximum energy allowed in the gamma catcher is 5 GeV, in the forward calorimeter 2 GeV, and in the silicon tungsten detector is 2 GeV.
3. To reduce further two-photon events, the ratio of total visible energy of the event to the centre-of-mass energy, defined as R vis = E vis / √ s, is required to be greater than 0.3. R vis is plotted before this cut in Figure 5 (a).
4. To reject events with initial state radiation along the beam axis, the missing energy vector of the event must satisfy | cos θ miss | < 0.9; cos θ miss is plotted before the cut in Figure 5 (b).
5. To suppress further the background from hadronic Z decays, the thrust of the event must be less than 0.95. Table 7 : Number of events surviving after each cut, and the selection efficiencies in percent, in the search for the single-production of ℓ * ± and ν * with CC decays in the lepton plus jets and missing energy analysis. The background Monte Carlo sum is normalized to the actual integrated luminosity at √ s = 172 GeV. The efficiency includes the hadronic branching ratio of the W. The statistical error on the background Monte Carlo is small compared to that for data.
Topology After Data Total
6. The event is required to have a large missing momentum, p Tmiss , or a large lepton energy, p ℓ , with respect to the beam energy, E beam . This is achieved by requiring (p Tmiss + p ℓ )/E beam > 0.4. p Tmiss vs. p ℓ is plotted before this cut in Figure 5 (c). While only one example mass for an ℓ * signal is shown in the figure, this cut retains high efficiency for all ℓ * masses.
7. To reduce the contribution from W-pair production, the lepton candidate is removed from the event and the event is forced into two jets, using the Durham jet algorithm. The resulting invariant masses m ℓ−miss and m jet−jet are required to satisfy:
• m ℓ−miss > 5 GeV and m jet−jet < 95 GeV,
• m ℓ−miss + m jet−jet < 145 GeV.
m ℓ−miss vs. m jet−jet is plotted before this cut in Figure 5 (d).
The complete analysis is summarized in Table 7 . The numbers of events selected in each channel are consistent with the expectation from Standard Model sources. The total selection efficiency for excited lepton single production with CC decays when the W ± decays hadronically is typically from 20-45%, depending on the mass of the excited lepton, but drops to about 10% for ν * near the kinematic limit.
No signal is observed. The results from both the acoplanar lepton pair and ℓ ± νqq analyses are combined to infer limits on excited lepton single production with CC decays. The ℓ ± νqq results include a ± 3 σ mass window, where σ is the average mass resolution determined from Monte Carlo, to classify each event as being consistent with an excited lepton in some mass range, while the selected acoplanar lepton pair events are considered as candidates for all excited lepton masses.
Production of Neutral Excited Leptons with Photonic Decays
The search for excited neutrino production with photonic decays (category C in Section 1.2) uses the OPAL analysis of photonic events with missing energy [37] . That analysis has one method optimised for events with one photon plus missing energy and another method optimised for events with two photons plus missing energy. These are used for the excited neutrino single-and pair-production searches, respectively. The search results for the full √ s = 161-172 GeV data set are summarized in Table 8 ; these selections have improved sensitivity over our previously published analyses [11] , and are therefore used to update our √ s = 161 GeV results as well.
The search for a single photon plus missing energy selects events with either a single, energetic isolated cluster in the electromagnetic calorimeter, or an identified photon conversion, along with no other significant energy in the event. One event is selected at √ s = 161 GeV and another at √ s = 172 GeV, with a combined expected background of 0.7 to 0.8 events from
Standard Model processes. There is a discrepancy of about 15% between the predictions of the expected background level to this analysis from the KORALZ and NUNUGPV generators, and we use the smaller number when performing limit calculations. The search for a photon pair plus missing energy selects events with two photon candidates, along with no other significant energy in the event. One event is selected at √ s = 161 GeV, and two more events are selected at √ s = 172 GeV, with an expected background from 4.7 to 9.2 events from Standard Model processes. In the photon pair topology, the discrepancy between KORALZ and NUNUGPV is much more serious, and no background subtraction is performed. As described in Reference [37] , the kinematics of the photons are used to classify the events as being consistent with excited neutrino pair-production up to a maximum mass, M max . The maximum excited neutrino mass consistent with any of the three events is 69.7 GeV. While the events are taken as candidates, the excited neutrino masses with which they are consistent are sufficiently low that they do not affect the limits inferred from these data.
The total selection efficiency for photonic decays of pair-produced excited neutrinos is about 80%, and for singly-produced excited neutrinos varies from about 20-80% for excited neutrino masses of 80-170 GeV. The selection efficiency for singly-produced excited electron-neutrinos is slightly different than for excited muon-and tau-neutrinos because of the t-channel W ± -exchange contribution to the production angular distribution.
Production of Charged Excited Leptons with Photonic Decays
The single-and pair-production of excited leptons with photonic decays leads to ℓ + ℓ − γ(γ) topologies (category D in Section 1.2). To be considered in the analysis, tracks in the central detector and clusters in the electromagnetic calorimeter must satisfy the normal quality criteria Table 8 : Number of events surviving in the two photonic events topologies at √ s = 161-172 GeV. The Standard Model background is completely dominated by ννγγ, and predictions from both the NUNUGPV and KORALZ generators are shown. The analyses and requirements used in new particle searches are discussed in detail in Reference [37] . The statistical error on the background Monte Carlo is small compared to that for data.
employed in the analysis of lepton pairs [38] . In addition, a "good" track must satisfy | cos θ| < 0.95.
A pre-selection is performed to remove obvious background events. Cosmic rays are rejected using timing and tracking information as described in the analysis of lepton pairs [38] . Residual beam-gas and beam-wall collision events are rejected by requiring that the fraction of good to total charged tracks reconstructed in the central detector be greater than 0.2. Background from multihadronic events is reduced by requiring that the number of good tracks (after removing tracks identified as part of photon conversions as described below) satisfies N trk ≤ 4. The pre-selection also requires a minimum of one lepton candidate (electron, muon, or tau) and a minimum of one photon candidate, in the event, using the criteria defined below.
Tracks with p T > 1 GeV are considered as potential lepton candidates, and the following identification requirements are made:
electron: A track is identified as an electron if it satisfies any one of the following three criteria:
1. 0.8 < E/p < 1.3, where p is the momentum of the track and E is the energy of the associated electromagnetic cluster.
2. 0.5 < E/p < 2.0 and the signed dE/dx weight [39] is consistent with the track being an electron.
3. The output of the electron identification neural network described in Reference [36] is greater than 0.8. This final criterion is desirable to recover some extra efficiency for low-energy recoil electrons in the single-production search.
The energy, E e , of the electron is computed using the electromagnetic calorimeter cluster energy and its direction is computed using the track observed in the central detector.
muon: A track is identified as a muon if it satisfies either of the following two criteria:
1. The track is identified as a muon according to the criteria employed in the analysis of Standard Model muon pairs [38] ; that is, it has associated activity in the muon chambers or hadron calorimeter strips or it has a high momentum but is associated with only a small energy deposit in the electromagnetic calorimeter.
2. The track is identified as a muon according to the criteria employed in the analysis of muons in multihadronic events given in Reference [40] . This second criterion is desirable to recover some extra efficiency for low-energy recoil muons in the singleproduction search.
tau: a track is identified as originating from a tau decay if it satisfies either of the following two conditions:
1. It is identified as an electron or muon according to the above requirements (i.e. electrons and muons are also used as tau candidates).
2. There are at most two additional tracks in a cone with a half-angle of 20
• around the track.
A tau "jet" is constructed by adding the momenta of all tracks and clusters inside the 20
• half-angle cone. The energy of the tau jet is calculated using only the tracks in the central detector and energy in the electromagnetic calorimeter, correcting for doublecounting using the method described in Reference [34] .
A separate search is performed to identify photons:
photon: A photon candidate must satisfy either of the following two criteria:
1. An electromagnetic cluster with no associated good charged tracks.
2.
A photon conversion identified with the algorithm employed in the analysis of muon pairs [38] . The tracks and clusters associated with the conversion are combined to form a single 4-vector representing the photon.
The photon is also required to satisfy | cos θ| < 0.95 and to have an energy greater than 1 GeV.
ℓℓγγ Final States
Candidate ℓ + ℓ − γγ events are required to satisfy the following criteria:
1. There must be at least two identified leptons of the same flavour and at least two photons. The two most energetic leptons and two most energetic photons are used for further analysis. For the excited tau search, it is required that at most one of the two tau jets be an identified electron, and at most one of the two tau jets be an identified muon.
2. In the e + e − γγ and µ + µ − γγ analyses, the sum of the energies of the two leptons and two photons, E vis , must satisfy E vis > 1.6 E beam . In the τ + τ − γγ analysis, the sum of the energies of the two tau jets and two photons must satisfy 0.8 E beam < E vis < 1.9 E beam . The sums of the energies of the two leptons and two photons before cut 2 are plotted in Figure 6 . Table 9 : The number of events surviving each cut for background, and selection efficiencies in percent for some example signal Monte Carlos, in the ℓ + ℓ − γγ topology. The efficiencies are for the pair production of charged excited leptons which decay photonically. The expected background levels are normalized to the actual integrated luminosity. The statistical error on the background Monte Carlo is small compared to that for data.
3. A significant background after cuts 1 and 2 is from Bhabha scattering or lepton-pair production with final-state radiation. This is reduced by requiring the lepton-photon pair to be isolated. The minimum opening angle among all lepton-photon combinations, θ ℓγ min , is required to satisfy | cos θ ℓγ min | < 0.90 for e + e − γγ and | cos θ ℓγ min | < 0.95 for µ + µ − γγ and
4. The momenta of the two leptons and two photons are now calculated assuming a 4-body final state with no missing energy, using the measured angles of the tracks and clusters. The calculation uses the beam-energy constraint, conserving energy and momentum. It is required that all energies calculated are greater than zero. The momenta of the leptons calculated in this manner are used in cut 5.
5. The final reducible component in the background is from the doubly-radiative-return process e + e − → Z 0 γγ → ℓ + ℓ − γγ. Events with a di-lepton mass, M ℓℓ , satisfying 80 GeV < M ℓℓ < 100 GeV are vetoed.
The complete analysis is summarized in Table 9 , including an example signal of charged excited leptons with photonic decays. No event survives in any channel, which is consistent with the expectations from Standard Model sources.
The efficiency for observing the pair-production of excited leptons with photonic decays is estimated with Monte Carlo to be about 54% for e * + e * − , 62% for µ * + µ * − and 42% for τ * + τ * − , with only a small dependence on the mass of the excited lepton.
ℓ
Candidate ℓ + ℓ − γ events are required to satisfy the following criteria:
1. There must be at least two identified leptons of the same flavour and at least one photon. The two most energetic leptons and the most energetic photon are used for further analysis. For the excited tau search, it is required that at most one of the two tau jets be an identified electron, and at most one of the two tau jets be an identified muon.
2. In the e + e − γ and µ + µ − γ analyses, the sum of the energies of the two leptons and one photon, E vis , must satisfy E vis > 1.6 E beam . In the τ + τ − γ analysis, the sum of the energies of the two tau jets and one photon must satisfy 0.8 E beam < E vis < 1.9 E beam . The sums of the energies of the two leptons and the photon before cut 2 are plotted in Figure 7. 3. A significant background after cuts 1 and 2 is from Bhabha scattering or lepton-pair production with final-state radiation. This is reduced by requiring the lepton-photon pair to be isolated. The minimum opening angle between both lepton-photon combinations, θ ℓγ min is required to satisfy | cos θ ℓγ min | < 0.90 for e + e − γ and | cos θ
For the e * search, radiative Bhabha scattering is further suppressed by also requiring that the photon and at least one electron satisfy | cos θ| < 0.7.
4. The momenta of the two leptons and one photon are now calculated assuming a 3-body final state using the measured angles of the tracks and clusters. The calculation uses the beam-energy constraint, conserving energy and momentum. One initial-state radiation photon along the beam axis is included in the calculation. It is required that all energies calculated are greater than zero. The momenta of the leptons and photon calculated in this manner are used in cut 5, and also to construct the lepton-photon invariant mass for the excited lepton search.
5. The final reducible component in the background is from the radiative-return process
Events with a di-lepton mass, M ℓℓ , satisfying 80 GeV < M ℓℓ < 100 GeV are vetoed.
The complete analysis is summarized in Table 10 , including two example mass points for single-production of charged excited leptons with photonic decays. The numbers of events selected in each channel are consistent with the expectations from Standard Model sources.
The lepton-photon mass resolutions are estimated with Monte Carlo to be 0.4-0.5 GeV for excited electrons and muons with photonic decays, and 2-3 GeV for excited taus with photonic decays. The lepton-photon invariant masses, M ℓγ , are plotted in Figure 8 for the excited muon and tau searches, combining the full 161-172 GeV data. No anomalous structure is apparent. When computing limits for an excited lepton with mass M * , all events with at least one leptonphoton mass combination satisfying |M ℓγ − M * | < ∆ are considered signal candidates, where ∆ = 2 and 5 GeV for the excited muon and tau search, respectively. The efficiency for observing the single-production of excited leptons with photonic decays is estimated with Monte Carlo to be about 70% for µ * µ and 40% for τ * τ , including the mass window constraint, with some dependence on the mass of the excited lepton. The excited electron results are summarized after the analysis described in Section 4.4.3.
e
* Single Production: eγ Topology A significant fraction of singly-produced e * events would have the recoil electron at a small polar angle, outside the detector acceptance, making the search for the eγ final state also interesting.
After removing events which pass the eeγ selection described in Section 4.4.2, candidate eγ events are required to satisfy the following criteria:
1. There must be at least one identified electron and one identified photon. The most energetic electron and photon are used for further analysis.
2. The energy sum of the electron and photon, E vis , must satisfy E vis > 0.8 E beam .
3. A significant background after cuts 1 and 2 is from Bhabha scattering with final-state radiation. This is reduced by requiring the electron-photon pair to be isolated. The opening angle between the electron and photon, θ 4. Bhabha scattering is further suppressed by requiring the photon to satisfy | cos θ γ | < 0.7, and that the event thrust axis formed with the observed lepton and photon satisfy | cos θ thrust | < 0.9.
5. The momenta of the electron and photon are now calculated assuming a 2-body final state plus one electron missing along the beam axis using only the measured polar angles of the observed electron and photon. The calculation uses the beam-energy constraint, conserving energy and momentum. It is required that all energies calculated are greater than zero. The momenta of the electron and photon calculated in this manner are used to construct the electron-photon invariant mass for the excited electron search.
The analysis is summarized in Table 10 , including two example mass points for singleproduction of charged excited electrons with photonic decays. The number of events selected is consistent with the expectation from Standard Model sources.
Events which survive in either the e + e − γ or eγ analysis are considered as excited electron candidates. The electron-photon mass resolutions are estimated with Monte Carlo to be 0.4-0.5 GeV in both channels. The electron-photon invariant masses are plotted in Figure 9 , combining the full 161-172 GeV data. No anomalous structure is apparent. When computing limits for an excited electron with mass M * , events satisfying |M eγ −M * | < 2 GeV are considered signal candidates. The efficiency for observing the single-production of excited electrons with photonic decays is estimated with Monte Carlo to be 35-70%, including the mass window constraint, depending on the mass of the excited electron.
Results
The numbers of expected signal events are evaluated from the total production cross-sections, the total integrated luminosity, and the estimated detection efficiencies for the various analyses. Table 10 : The number of events surviving each cut for background, and the selection efficiencies in percent for excited lepton signal Monte Carlo, in the single-production search. The signal Monte Carlo corresponds to the coupling assignment f = f ′ , but with 100% photonic decays. The expected background levels are normalized to the actual integrated luminosity. The efficiencies for the e + e − γ and eγ excited electron single-production topologies are exclusive, and can be summed for the total selection efficiency. The statistical error on the background Monte Carlo is small compared to that for data. In the pair-production searches, the production cross-section is relatively model-independent, and limits on the masses of the heavy or excited lepton can be obtained directly. In the singleproduction searches, the production cross-section depends on parameters within the model, so limits on those parameters, as a function of the new particle masses, are inferred instead. The systematic errors on the total number of expected signal events are estimated from: the statistical error on the Monte Carlo estimate of the detection efficiency, 1-2%; the error due to the interpolation used to infer the efficiency at arbitrary masses from the limited number of Monte Carlo samples, 2-5%; the error on the integrated luminosity, 0.6%; the uncertainties in modelling the lepton identification cuts are estimated by comparing the efficiency for selecting leptons in events from Standard Model processes between data and Monte Carlo, and are found to be in the range 2-5%; the uncertainty in the modelling of the photon conversion finder used in the ℓ + ℓ − γ(γ) analyses is estimated by comparing the ratio of non-converting to converting photons in data and Standard Model process Monte Carlo, and is found to be 1% per photon in the event. The errors are considered to be independent and are added in quadrature to give the total systematic error, which is always less than 10%. The systematic error is incorporated into the limits inferred from the data using the method described in Reference [41] . The final limits are computed considering the background levels expected in the analysis [42] , including the full 161-172 GeV dataset.
For the flavour-mixing heavy lepton decays in which the pair-produced heavy leptons undergo CC decays into light leptons, 95% confidence level lower limits on the mass of the heavy lepton are shown in Table 11 . These results are valid for a mixing angle squared, ζ 2 , greater than about 10 −12 . In the case that a heavy charged lepton, L ± , decays into a stable heavy neutral lepton, N, the exclusion region depends on both M L and M N . The excluded region is shown in Figure 10 . From that figure, if the charged heavy lepton is at least 8.4 GeV more massive than the neutral heavy lepton, its mass is less than 81.5 GeV at the 95% confidence level.
The mass limits on excited leptons are somewhat better than for the heavy lepton case, primarily due to the vector couplings leading to larger production cross-sections. The mass limits inferred from the pair-production searches are shown in Table 12 . Since the branching ratio to either photons or W-bosons is essentially 100% in the mass range that our pair-production searches are sensitive to, only the dominant decay is used when computing the mass limits. Table 12 : 95% confidence level lower mass limits for the different excited leptons obtained from the pair-production searches. The coupling assumption affects the branching ratio.
From the single-production searches, limits on the ratio of the coupling to the compositeness scale, f /Λ, are shown in Figure 11 for two example coupling assumptions. Since the branching ratio of the excited lepton decays via the different vector bosons is arbitrary, example coupling assignments f = ±f ′ are used to calculate these branching ratios and then the photonic and CC decay results are combined for the limits.
Conclusion
We have analysed a data sample corresponding to an integrated luminosity of 10.3 pb −1 at 170.3 and 172.3 GeV, collected with the OPAL detector at LEP, to search for the production of unstable heavy and excited leptons. No evidence for their existence was found, and limits on masses and couplings were established. From the search for the pair production of heavy and excited leptons, lower mass limits were established. From the search for the single production of excited leptons, upper limits on the ratio of the coupling to the compositeness scale were derived. These limits substantially improve those from previous LEP searches. 
In the case where no isolated lepton is found, the distributions after cut 4 for the visible energy and the missing transverse momentum are shown respectively in (c) and (d). In the case where at least one isolated lepton is found, the corresponding distributions are shown respectively in (e) and (f). The filled circles are the data, the solid lines are the background processes, and the broken lines are the 
